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Agitoxin Footprinting the Shaker
Potassium Channel Pore
Adrian Gross and Roderick MacKinnon either central or peripheral with respect to the pore.
Department of Neurobiology Figure 1 illustrates how the degree of eccentricity of a
Harvard Medical School residue is estimated. The asymmetric inhibitor, depicted
Boston, Massachusetts 02115 as a teardrop, can bind in any one of four orientations
on the homotetrameric K1 channel. All four copies of a
given channel residue (each subunit presents one) will
Summary lie within the footprint, regardless of inhibitor orientation,
only if they are near the center of the channel (zone 1).
In voltage-dependent K1 channels, each of the four Residues that are further from the center will be covered
identical subunits contributes one pore loop to the in an orientation-dependent manner (zone 2). That is,
central ion selectivity unit at the interface between the the inhibitor bound in a given orientation may cover a
subunits. The pore loop is also the target for scorpion particular residue on one subunit but not its counterpart
venom peptide inhibitors. These inhibitors bind at the on another subunit. Finally, if a residue is located very
pore entryway between the four subunits and can as- far from the center of the channel, it will never lie within
sume any one of four orientations. The orientations the footprint (zone 3).
become distinguishable only if the binding site sym- In addition to defining the eccentricity of amino acids
metry is disrupted. We have used mutagenesis and in the pore entryway, the results of this study also reveal
site-directed chemical modification to alter pore loop a pattern of side chain exposure to the inhibitor-binding
amino acids in either one or four subunits. The effects site that implies a different secondary structure for the
of these alterations on inhibitor affinity define the ec- amino and carboxyl ends of the pore loop. We are led
centricity of amino acids in the pore entryway and to propose the following model for the Shaker K1 chan-
imply a different secondary structure for the amino nel pore entryway. Residues at both ends of the pore
and carboxyl ends of the pore loop. loop, near S5 and S6, are located far (.10 AÊ ) from the
central axis. On its approach toward the central axis,
Introduction the amino-terminal side of the pore loop seems to form
an a helix over part of its course. After dipping below
Among the ion channels of eukaryotic cell membranes, the inhibitor-binding surface, the pore loop emerges
voltage-dependent K1 channels are relatively simple be- near the central axis and progresses toward the periph-
cause they can be assembled from four identical sub- ery in an extended conformation.
units. The ion conduction pathway, or pore, is located
along a central axis surrounded by the four subunits. A Results
stretch of amino acids called the P (pore) region extends
into the pore from the extracellular side of the membrane Lysine Scanning Mutagenesis
(MacKinnon and Yellen, 1990; Hartmann et al., 1991;
of the AgTx2-Binding Site
Yellen et al., 1991; Yool and Schwarz, 1991; Heginbo-
AgTx2 inhibits Shaker K1 channels expressed in Xeno-tham et al., 1994). The P region is contained within the
pus laevis oocytes by reversibly binding to the channelªpore loopº connecting the fifth and sixth membrane-
with 1:1 stoichiometry (Garcia et al., 1994). The equilib-spanning segments (S5 and S6, respectively). Each of
rium inhibition constant, Ki, was determined by measur-the four subunits contributes one pore loop, and to-
ing the fraction of channels blocked as a function ofgether these segments form the K1 selectivity filter in-
AgTx2 concentration. For the wild-type Shaker K1 chan-side the pore.
nel, Ki is 0.79 nM. Figure 2 shows the effect of substitut-The pore loops also form the binding site for small,
ing a lysine residue at various positions along the porerigid peptide inhibitors from scorpion venom (MacKin-
loop. AgTx2 is positively charged, and lysine is expectednon and Miller, 1989b; MacKinnon et al., 1990). These
to weaken its affinity. At several positions, particularlyinhibitors bind to the extracellular entryway and block
within the highly conserved P region, lysine substitutionthe ion conduction pore by physical occlusion (Miller,
results in a loss of functional expression. Where the1988; MacKinnon and Miller, 1988, 1989a). Given their
mutation is tolerated, two distinguishable outcomes arehigh affinity binding, the inhibitors likely form a very
observed. Near S5 and S6, at extreme ends of the porecomplementary contact with the K1 channel. This pro-
loop, modest (2- to 30-fold) effects on affinity are ob-vides a rationale for using inhibitors of known structure
served. Close to the P region sequence, lysine residuesto infer the shape of the K1 channel pore entryway
can have a dramatic (.105-fold) destabilizing influence.(Stampe et al., 1994; Stocker and Miller, 1994; Hidalgo
The results of Figure 2 suggest that residues near theand MacKinnon, 1995).
ends of the pore loop lie outside the perimeter of theWe have used site-directed mutagenesis and chemi-
inhibitor-binding site (see Figure 1, zone 3). This conclu-cal modification to ask which channel amino acids fall
sion is based on the relatively small influence of fourwithin the ªfootprintº of the inhibitor Agitoxin2 (AgTx2;
lysine substitutions (one in each subunit) and on theGarcia et al., 1994) and, specifically, which residues can
finding that mainly the association rate constant is af-be protected from modifying reagents when the inhibitor
fected (data not shown). It has been shown in otheris bound. The results provide two kinds of information
cases where two proteins associate through a nondiffu-about the spatial location of amino acids in the pore
entryway. First, they identify channel residues as being sion-limited bimolecular reaction that through-space
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Figure 1. An Inhibitor Molecule Can Bind to a Homotetrameric K1
Channel in Four Possible Orientations
Four pore loops (one from each subunit) together form the AgTx-
Figure 2. Lysine Scanning Mutagenesis Identifies Positions Thatbinding site. Mutations within the central zone (1), the intermediate
Have Either a Large or Small Effect on AgTx2 Affinityzone (2), and the peripheral zone (3) are distinguishable on the basis
Closed circles indicate positions with a lysine in the wild-type chan-of their effects on AgTx inhibition. Thus, the inhibitor can be used to
nel. At 11 positions, no current could be recorded in oocytes afterassess the relative distance of pore loop residues from the channel's
cRNA injection (open circles). For the remaining 14 mutant channels,central axis.
the AgTx2 inhibition constant normalized to that of the wild-type
channel, is shown. Currents were elicited by depolarizing an oocyte
electrostatic forces primarily influence the association membrane containing Shaker K1 channels to 0 mV from 280 mV
rate (Mrabet et al., 1992; Escobar et al., 1993). In contrast for 50 ms every 10 s in the presence and absence of different AgTx2
concentrations. The highest AgTx2 concentration applied was 100with residues near S5 and S6, the very large effect of
mM, and therefore Ki values greater than 10 mM are estimates basedlysine substitution at positions 425, 431, 448, 449, and
on partial blockade. The fraction of the equilibrium unblocked cur-451 implies that these residues lie within the AgTx2
rent as a function of the AgTx2 concentration, [tx], was fit to thefootprint.
function I/Io 5 Ki/(Ki 1 [tx]), where Ki is the AgTx2 inhibition constantIn the above experiments, a lysine was substituted in (Ki 5 0.79 nM for wild-type).
all four subunits. The residues falling within the binding
site can be further subdivided into central zone 1 or
intermediate zone 2 (see Figure 1) by placing a lysine inactivating component. By choosing two time points
in only one subunit. If the lysine falls into zone 2, then (a and b; see Experimental Procedures), we define a
AgTx2 sensitivity will be preserved, at least partially, current difference, DI, proportional to the total inactivat-
due to one or more remaining permissive binding orien- ing current. In the example shown, the channel species
tations. In contrast, a lysine in zone 1 is expected to with one mutant subunit (z60% of the inactivating cur-
disrupt AgTx2 affinity since binding in all orientations
rent) was inhibited by AgTx2 with a Ki of 12 nM (Figurewill be affected. Figure 3 shows how the affinity of a
3C). The remaining inactivating current, presumably due
channel with one lysine mutant subunit was determined
tochannels with two mutantsubunits, was far less sensi-
using the ªgate-taggingº technique. This method relies
tive (Ki 5 530 nM). Table 1 summarizes the outcome ofon the finding that a single amino-terminal ªgateº causes
similar experiments carried out for the five important
inactivation (MacKinnon et al., 1993; Gomez-Lagunas
positions identified in Figure 2. The relatively high AgTx2
and Armstrong,1995). Subunits containing both the sub-
affinity of channels containing lysine (in one subunit) atstituted lysine and an intact amino-terminal gate are
positions 425, 431, 448, and 451 suggests an intermedi-coexpressed with subunits carrying a wild-type pore
ate or zone 2 location. Position 449, on the other hand,loop sequence and no amino-terminal gate (Figure 3A).
may be located in zone 1.Inactivating currents must therefore be due to channels
with at least one gate and, consequently, at least one
Defining Zones by Cysteine Protectionsubstituted lysine. By adjusting the ratio of the two ex-
To test further the assignment of residue 449 to zonepressed subunits so that most of the resulting channels
1, we asked whether all four residues, one from eachdo not inactivate (i.e., they contain four subunits without
subunit, were simultaneously covered by a bound inhibi-a gate), one can study a small component of inactivating
tor molecule. By substituting cysteine at position 449,current due mainly to channels with only one gate-con-
we tested whether AgTx2 would protect the residuestaining subunit (and one substituted lysine).
from reacting with the sulfhydryl-modifying reagentAn experiment using the gate-tagging technique for
[2-(trimethylammonium)ethyl]methanethiosulfonatethe F425K mutation is shown in Figure 3B. The current
bromide (MTSET; see Experimental Procedures; Stauf-has two kinetically distinct components. The noninacti-
fer and Karlin, 1994). As a first control, Figure 4A showsvating component, the current that does not decay dur-
that MTSET modification renders channels insensitiveing the pulse (representing channels with wild-type sub-
units), is clearly more sensitive to AgTx2 than the to AgTx2 even if only one subunit contains a cysteine
The Agitoxin Footprint on the Shaker K1 Channel
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Figure 3. The Cytoplasmic Inactivation Gate
Can Be Used to Study Channels with an
AgTx2-Binding Site Mutation in Only One of
the Four Subunits
(A) The cartoon depicts possible channels re-
sulting from coexpression of wild-type sub-
units (open circles) with F425K mutant sub-
units (closed circles). Channels with at least
a single mutant subunit will inactivate since
they contain an inactivation gate linked to the
mutant subunit (ball and stick). The Ki values
were taken from Figure 2 (4WT and 4F425K)
and Table 1 (3WT/1F425K and 2WT/2F425K).
(B) Current traces corresponding to the ex-
periment described in (A) show both an inacti-
vating component due to channels with at
least one gate-containing subunit, and a non-
inactivating component due to channels with
four wild-type subunits. In this experiment,
the channel distribution shown in (A) is
weighted toward the left (four wild-type sub-
units) so that the inactivating component is
due to channels with (on average) only one
or two mutated subunits. The two current
components show different sensitivities to
AgTx2. Blockade of the inactivating compo-
nent is measured by following the current dif-
ference DI between two points (a and b). Currents were recorded during a depolarizing step to 50 mV from 280 mV for 50 ms.
(C) DI is graphed as a function of the AgTx2 concentration. The solid line is a least-squares fit to the sum of two Langmuir functions (equation
7) with Ki(1) 5 12 nM, Ki(2) 5 530 nM, F 5 0.29, and a scaling factor of 0.36 mA (see Experimental Procedures), where the free parameters
Ki(m) and F correspond to the inhibition constant of channels with m mutant subunits and the fraction of subunits containing a gate, respectively.
at position 449. This result ensures that we can detect beneath the inhibitor molecule). Thus, the polypeptide
chain crosses the border between zones 1 and 2 overmodification of a single 449 cysteine through its effect
on AgTx2 sensitivity. Figure 4B shows that when AgTx2 the distance of only two amino acids. In principle, a
permissive binding orientation should remain in theseis bound to a channel, even when all four subunits con-
tain a cysteine at position 449, MTSET does not render experiments since AgTx2 was bound during the modifi-
cation procedure. However, one or more MTSET-modi-the channel insensitive. Since a single modified 449 cys-
teine would have reduced the affinity (Figure 4A), we fied cysteine residues located very close to the binding
site would be expected to reduce the affinity enough soconclude that all four cysteine residues must have been
protected, and therefore position 449 appears to fall that 10 nM AgTx2 would have little effect.
Cysteine modification and lack of complete protectionwithin zone 1.
The same cysteine modification experiment places by the peptide inhibitor at positions 425 and 431 point
to a zone 2 location (Table 2). The channels containingthe nearby position 451 further from the center in zone
2 (Figure 4C). AgTx2 does not protect all four cysteines cysteine at position 448 were unusual in that they re-
quired a reducing environment (5 mM dithiothreitol) toat this position: one or more position 451 residues must
be accessible to MTSET (i.e., not all four residues are express functionally, and exposure to MTSET resulted in
rapid disappearance of functioning channels. We found
that bound inhibitor did not prevent MTSET-induced
Table 1. Inhibition Constants for AgTx2 Blockade in Channels loss of function, and therefore we assign residue 448 to
with a Pore Loop Lysine Mutation in Only One or Two Subunits zone 2. To carry out the protection experiment at these
Ki(1) Ki(2) three positions (425, 431, and 448), it was necessary to
Mutant (nM) n (mM) n Zone introduce secondary mutations in the pore loop (see
Table 2) and use the closely related inhibitor isoformF425K 16 6 4 5 1.6 6 1.0 5 2
D431K 13 6 1 5 2 AgTx1 (for the M448C channel) to ensure a sufficiently
M448K 7.4 6 0.3 4 2 long dwell time of the inhibitor. In all experiments where
T449K 56 6 33 5 .10 5 1 an inhibitor molecule was used to protect from modifica-
V451K 13 6 3 8 0.4 1 2 tion, the mean dwell time was at least 5 times the dura-
The five lysine mutants having a large effect on AgTx2 affinity were tion of exposure to MTSET (10 s).
studied. Experimental conditions and analysis were identical to
those in Figure 3. Ki(1) and Ki(2) refer to the inhibition constants of
Pattern of Accessibility tothe channels with one or two mutant subunits (out of four). For
mixtures of wild-type and either D431K or M448K mutant subunits, Cysteine-Modifying Reagents
only a single Ki was apparent. The highest AgTx2 concentrations In the above experiments, we focused on residues
applied were 1 mM (F425K, T449K, one oocyte V451K) and 100 nM where lysine substitution (see Figure 2) yielded func-
(D431K, M448K, seven oocytes V451K). All values are mean 6 SD.
tional channels. Since cysteine substitution is generally
Neuron
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Figure 4. Protection from Modification Dis-
tinguishes Zone 1 from Zone 2 Residues
Results from eight representative oocytes
are shown. AgTx2 application during voltage
clamp was 10 nM in all experiments.
(A) Subunits with a wild-type AgTx2-binding
site were coexpressed with T449C mutant
subunits. Subunits with a mutant AgTx2-
binding site also carried a cytoplasmic inacti-
vation gate. Chemical modification of T449C
(in one subunit) with MTSET converted the
channel from sensitive (control) to insensitive
(modified). Currents were recorded during a
depolarizing step to 50 mV from 280 mV for
100 ms.
(B) Oocytes expressing T449C mutant chan-
nels (cytoplasmic inactivation gate removed)
were treated with MTSET in either the pres-
ence or absence of 1 mM AgTx2. The T449C
channel is sensitive to AgTx2 (control) but
becomes insensitive after MTSET treatment
(modified). In the protection experiment
(modified in presence of toxin), the channel
retains its sensitivity. Currents were recorded
during a depolarizing step to 0 mV from 280
mV for 100 ms.
(C) The same experiment as in (B) with the
V451C mutant channel.
better tolerated than lysine, we extended the analysis four subunits were exposed to MTSEA. Modification of
the cysteine at position 427 (Figure 5B) lowered theof cysteine reactivity to look for a meaningful pattern of
surface-accessible residues (Akabas et al., 1992). Each affinity of AgTx2, whereas modification of cysteine 438
(Figure 5C) resulted in a loss of channel function. In bothamino acid from positions 427 to 438 was replaced, one
at a time, by cysteine. At seven positions, the substitu- cases, the cysteine reacted with the agent,and therefore
its side chain presumably was exposed to solvent.tion was well tolerated. At four other positions, where
cysteine substitution in all four subunits rendered chan- MTSEA addition to channels with a cysteine at position
436 (Figure 5A) affected neither affinity norchannel func-nels nonfunctional, the substitution was made in fewer
than four subunits using the gate-tagging method de- tion. Given the influence of nearby residues on AgTx2
affinity, it is unlikely that modification occurred withoutscribed in Figure 3. In both cases, a residue was classi-
fied as solvent exposed if treatment with (2-aminoethyl)- effect. Most likely the side chain of residue 436 was not
exposed to react with MTSEA.methanethiosulfonate hydrobromide (MTSEA) resulted
in either altered AgTx2 sensitivity or loss of channel Amino acids at positions 429, 430, 434, and 435 are
among the most conserved between different subfami-function. We chose MTSEA over MTSET for these exper-
iments because of its smaller head group (Akabas et lies of voltage-dependent K1 channels. At these posi-
tions, a cysteine substitution was tolerated only whenal., 1992).
Figure 5 shows the three different outcomes that were the number of mutated residues per channel was less
than four. Solvent accessibility at these positions wasobserved when channels with cysteine substituted in all
Table 2. Characteristics of AgTx Blockade of Channels with Cysteine Substitutions in Four Subunits
Mutant Ki (nM) b(1022 s21) n Protection Zone
F425C 3.9 .10 1
F425C/K427E 0.077 6 0.015 1.5 6 0.2 4 2 2
D431C .1000 1
D431C/K427E/T449Y 0.10 6 0.01 0.094 6 0.003 4 2 2
M448C 45 1
M448C/K427Ea 0.16 6 0.03 1.0 6 0.1 6 2 2
T449C 0.39 6 0.01 1.0 6 0.1 4 1 1
V451C 0.33 6 0.03 1.0 6 0.2 8 2 2
Inhibition constant (Ki), first order dissociation rate constant (b), and protection by AgTx of the five residues. Because cysteine substitution
at 425, 431, and 448 lowered AgTx2 affinity and increased the dissociation rate, secondary mutations were introduced, as indicated, to
decrease the rate of dissociation. MTSET modification (10 s exposure to 5 mM MTSET; see Experimental Procedures) of the F425C, D431C,
T449C, and V451C mutant channels reduced AgTx2 sensitivity. Modification was carried out in the presence of AgTx2 (1 mM) to see whether
bound inhibitor would prevent modification. In all cases where protection experiments were carried out (1, protection; 2, no protection), the
mean dwell time of AgTx on the channel (b21) was .50 s (.5 times the MTSET exposure time). All values are mean 6 SD.
a Modification of channels containing the M448C mutation resulted in an irreversible loss of K1 current. Experiments with M448C/K427E were
carried out with AgTx1 (Garcia et al., 1994) because of its slower dissociation rate.
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Figure 6. Side Chain Accessibility to MTSEA Probed with AgTx2 in
Coexpression Experiments
Subunits carrying an inactivation gate and a mutant pore loop were
coexpressed with subunits without a gate and a wild-type pore loop.
Experimental conditions were identical to those in Figure 3. The
current recorded in the presence of AgTx2 (toxin) was subtracted
from the current recorded in its absence (control). The inactivating
component of the resulting current (toxin sensitive) is carried by
channels with at least one mutant subunit. The oocyte was washed,
taken out of the recording chamber, treated with MTSEA, and reas-
sayed.
(A) Experiment with the W435C mutant subunit and 10 nM AgTx2.
Modification all but abolished the inactivating component of the
Figure 5. Side Chain Accessibility to MTSEA Probed with AgTx2
toxin-sensitive current.
Oocytes expressing channels with cysteine pore loop mutations in (B) Same experiment as in (A) with the I429C mutant subunit and 5
four subunits were voltage clamped at a holding potential of 280 nM AgTx2. No change of the inactivating toxin-sensitive current was
mV, and the membrane potential was periodically stepped to 0 mV observed.
for 50 ms in order to measure the unblocked current fraction. Inhibi-
tor affinity was assayed by application of AgTx2, as indicated by
horizontal bars. After removal of AgTx2, the oocyte was taken out of channels with a single subunit containing cysteine at
of the recording chamber, treated with MTSEA, and reassayed with 438 resulted in a loss of channel function (data not
AgTx2.
shown). Thus, residue 438, like 449, falls into central(A) Oocyteexpressing A436C mutantchannels. No change in current
zone 1.amplitude or AgTx2 affinity upon MTSEA treatment was observed.
(B) Oocyte expressing K427C mutant channels. AgTx2 affinity de-
creased upon modification. The qualitatively same result was ob-
Table 3. Side Chain Accessibility to MTSEA and Protectiontained with S428C and D431C mutant channels.
Experiments with AgTx for Residues 427±438(C) Oocyte expressing V438C mutant channels. Modification led to
an almost total loss of current. Position Studied as Exposed Protection Zone
427 K427C 1 2 2
428 S428C 1 2 2
429 I429C (coexpression) 2therefore studied by gate-tagging the cysteine mutant
430 P430C (coexpression) 2subunit as describedin Figure 3. Currents were recorded
431 D431C/K427E/T449Y 1 2 2in the absence and presence of AgTx2, and a ªtoxin-
432 A432C 2
sensitiveº current was obtained by subtracting the 433 F433C 2
blocked from the unblocked control trace. The inactivat- 434 W434C (coexpression) 1 ?
ing current corresponds to channels containing at least 435 W435C (coexpression) 1 ?
436 A436C 2one mutant subunit. If the cysteine were solvent ex-
437 V437C 2posed and became modified upon treatment with
438 V438C 1 1 1MTSEA, we would expect the inactivating component
Eight positions were studied as shown in Figure 5. At position 431,of the toxin-sensitive current to change, either because
secondary mutations were introduced to decrease the rate of inhibi-its AgTx2 affinity has changed or because the channels
tor dissociation. The protection experiment for V438C was doneno longer conduct ions. Based upon these criteria, we
with AgTx1, which has a slower dissociation rate than AgTx2. In all
conclude that tryptophan 435 (Figure 6A) is solvent ex- protection experiments, the mean inhibitor dwell time was .50 s.
posed, while isoleucine 429 (Figure 6B) is not. At four positions (coexpression), cysteine substitutions did not yield
Table 3 summarizes the MTSEA reactivity of cysteine current in oocytes. These mutants were studied in coexpression
experiments as shown in Figure 6. In cases where channels do notresidues placed in the sequence from 427 to 438. As
function with four mutant subunits, protection experiments cannotwas shown for position 449, reactivity at position 438
distinguish between a zone 1 and zone 2 location and were notcould be prevented by first binding AgTx to the channel
performed.
prior to addition of MTSEA. Furthermore, modification
Neuron
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charge pair interactions has shown that two Asp-431
residues interact with AgTx2 and two lie outside its foot-
print (consistent with zone 2 placement; Hidalgo and
MacKinnon, 1995).
The functional zones provide only a rough spatial
mapping for several reasons. First, our conclusions are
based on the assumption that a mutation affects AgTx2
binding only locally; this is probably true in most cases,
but is nevertheless an assumption. Second, the lack of
reactivity by a sulfhydryl reagent does not necessarily
mean a cysteine residue is covered, but rather that its
local environment has changed upon binding of AgTx2.
Third, side chain mobility adds a large uncertainty when
relating zone assignment (based on function) to dis-
tance. Fourth, these experiments provide no information
about the complex topology of the binding site: in our
analysis, a three-dimensional surface is compressed
into a plane.
These uncertainties notwithstanding, subdivision of
the pore loop into zones produces a consistent pattern.Figure 7. Assignment of Pore Loop Residues to Zones and Pattern
of Solvent Accessibility In both directions, the zone changes progressively from
(Top) Seventeen residues were mapped to three zones on the chan- 1 (central) to 3 (peripheral) as one moves away from
nel defined by the inhibitor footprint. Closed squares, zone 1; the P region (Figure 7). Residue 448 presents the only
hatched squares, zone 2; open squares, zone 3. At one position inconsistency. It falls into zone 2 even though it is
(424), the assignment was ambiguous. The underlined residues cor-
flanked by a zone 1 residue on its carboxyl side (449) andrespond to the K1 channel signature sequence (Heginbotham et al.,
a zone 1 residue (438) and the selectivity filter±forming1994).
signature sequence (439±446; Heginbotham et al., 1994)(Bottom) Solvent exposure and helical wheel representation of the
amino acid sequence from 427 to 438. Closed circles, modification; on its amino side. Furthermore, the requirement of a
open circles, no modification. The side chain positions are shown reducing environment (for M448C) implies the formation
in projection down the helical axis (1008 rotation per residue). of intersubunit disulfide bridges formed between cen-
trally located 448 residues. Outside of this inconsis-
tency, the zone transition along the polypeptide chain
Discussion creates the definite impression that the pore loop ex-
tends from the periphery toward the center on its amino-
Sixteen pore loop residues were assigned to three func- terminal side, then forms the selectivity filter (residues
tional zones (see Figure 2 and Tables 1±3). Through the 439±446; Heginbotham et al., 1994), and finally prog-
restrictions imposed by the binding of an asymmetric resses from the center back to the periphery at its car-
AgTx2 molecule to a site at a presumed 4-fold axis boxyl terminus.
on the channel, zone specification provides a rough On the carboxyl side of the pore loop, there is a very
estimate of a residue's distance from the center (see abrupt transition from zone 1 to 3 over three residues,
Figure 1). At least one residue was assigned to each as if the polypeptide chain moves radially outward in
zone, and multiple crossings from one zone to the next an extended conformation. On the amino side, the situa-
were observed (Figure 7). Although the zones defined tion is different; there is a longstretch of zone 2 residues.
by scanning a lysine residue and protecting cysteines Moreover, the pattern of accessibility to MTSEA is highly
from chemical modification need not be identical, they suggestive. All reactive residues fall on one face of a
agreed well at positions where both methods could be helical wheel, implying an a-helical conformation (Figure
applied. Furthermore, the assignments in this study are 7). A similar pattern for a subset of the residues studied
fully compatible with previous results. It has been shown here was found in a previous study of cysteine reactivity
that AgTx2 interacts in a qualitatively different fashion with silver (LuÈ and Miller, 1995; but see also KuÈ rz et al.,
with residues 422 and 427 on the channel (MacKinnon 1995; Pascual et al., 1995).
and Miller, 1989b; MacKinnon et al., 1990; and un- If the pore loop forms an a helix on its approach into
published data). Glu-422 and AgTx2 interact by a the pore, analogous to the L3 pore loop in bacterial
through-space electrostatic mechanism (consistent porin, then where does the helix begin and end? Recent
with zone 3 placement), but Lys-427 makes more direct studies on the amino acid preferences for specific loca-
contact with the inhibitor. The conclusion that the pore tions at the ends of a helices have identified motifs
loop crosses a zone border between 422 and 427 is that act as helix stop signals (Presta and Rose, 1988;
compatible with these different interactions. In addition, Richardson and Richardson, 1988). One such motif, the
tetraethylammonium, a small cationic K1 channel capping box, is a hydrogen-bonded motif at the amino
blocker, can interact simultaneously with all four resi- termini of a helices of the form Ser/Thr-X-X-Glu/Asp
dues at position 449 (Heginbotham and MacKinnon, (Harper and Rose, 1993). For example, a capping box
1992). These residues must therefore lie very close to is present in citrate synthase at the familiar sequence
the central axis of the channel, as expected for a zone Ser70Ile71Pro72Glu73,with isoleucine being the first residue
with helical values of its dihedral angles (Harper and1 residue. Finally, the use of mutant cycles to identify
The Agitoxin Footprint on the Shaker K1 Channel
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The fraction of channels not blocked, I/Io, in the presence of AgTx2Rose, 1993). We wonder whether the similar sequence,
concentration [tx] is related to a and b according toSer428Ile429Pro430Asp431, which is highly conserved among
Shaker-type voltage-dependent K1 channels, plays a
I
I0
5
b
a[tx] 1 b
(3)similar structural role in the pore loop. It is also interest-
ing to speculate that a helices extending into the pore
of a cation channel could serve an important functional and so the desired rate constants are overdetermined.
role. Four helices (one from each subunit) oriented with
Data Analysis of Coexpression Experimentstheir carboxyl ends pointing toward a central point in
Our analysis assumes the oversimplified inactivation scheme:the pore would attract cations to that point because
of the helical dipole. This would be analogous to ion
stabilization in sulfate-binding protein, where three a
O
mki
→←
krec
I (4)
helices stabilize a sulfate anion by pointing their amino
termini toward the binding site (AÊ qvist et al., 1991).
where O is the open state, I is the inactivated state, m is the number
of gates, mki is the inactivation rate constant for a channel with mExperimental Procedures
gates, and krec is the recovery rate constant (MacKinnon et al., 1993).
The fraction of channels with m gates, Am, is given by the binomialMolecular Biology
The Shaker H4 K1 channel in a Bluescript vector (Stratagene, La distribution:
Jolla, CA) was modified to remove amino-terminal fast inactivation
by deleting amino acid residues 6±46 and to include an NcoI site at
Am 5 14m2Fm(1 2 F)42m (5)the initial ATG (Kamb et al., 1988; Hoshi et al., 1990). DNA fragments
containing the mutations between two unique restriction sites (BglII
and XmaI) 377 bp apart were produced by PCR and subcloned into where F is the fraction of subunits containing a gate. The current
the gene; the mutations were confirmed by dideoxy sequencing (normalized to time t 5 0 and AgTx2 concentration [tx] 5 0) through
between the two sites. In some mutants, amino-terminal fast inacti- the channels is given by
vation was reintroduced by inserting a fragment containing amino
acid residues 6±46 between NcoI and a unique XbaI site in the gene
I(t,[tx]) 5 o
4
m50
fm ´ Am311 2 krecmki 1 krec2e2(mki1krec)t 1
krec
mki 1 krec4 (6)upstream from the mutation. DNA was linearized with HindIII (all
restriction enzymes from New England Biolabs, Beverly, MA), and
transcript was made using T7 RNA polymerase (Promega, Madi- with
son, WI).
fm 5
Km
Km 1[tx]Electrophysiology
Xenopus oocytes (Xenopus One, Ann Arbor, MI) were prepared and
injected with cRNA as previously described (Lu and MacKinnon, where Km is the inhibition constant for channels with m gates. If
1994). Currents were recorded with a standard two-electrode volt- channels with only 0, 1, or 2 gates are present (as is the case in the
age-clamp amplifier (OC-725A, Warner Instruments, Hamden, CT). gate-tagging experiments) and since ki .. krec (MacKinnon et al.,
Data were filtered at 0.5±1 kHz using an 8-pole Bessel filter and 1993), then the fraction of unblocked, inactivating channels would
sampled at 2±7.1 kHz. Currents in Figure 4 were leak subtracted be given by
using a P/4 protocol (Armstrong and Bezanilla, 1974). The bath
solution in all experiments contained 96 mM NaCl, 2 mM KCl, 0.3 DI([tx])
DI([tx] 5 0)
5 f1
A1
A1 1 A2
1 f2
A2
A1 1 A2
(7)mM CaCl2, 1 mM MgCl2, and 5 mM HEPES (pH 7.6 with NaOH).
AgTx2 was freshly diluted from concentrated stock solutions (16.9
mM and 1.69 mM) just prior to application. Bovine serum albumin where
was added (50 mg/ml) to all AgTx2-containing solutions to minimize
nonspecific binding of the inhibitor to the perfusion system. Chan- DI([tx]) 5 I(t 5 0,[tx]) 2 I(t 5 ∞,[tx]).
nels carrying the M448C mutation required a reducing environment
(5 mM dithiothreitol) for functional expression. All experiments were The data in Figure 3C are fit according to equation 7 multiplied by
performed at room temperature (218C±238C). Except in coexpres- a scaling factor to account for the current amplitude. Owing to
sion experiments, currents did not exceed 1.5 mA. practical limitations (the two-state model is an oversimplification;
channel opening occurs over a finite time interval), it was not possi-
ble to record the current at time t 5 0. Nevertheless, by choosingKinetic Analysis of AgTx2 Blockade
two time points, as shown in Figure 3B, a reasonable estimate ofCurrent relaxation upon AgTx2 application and removal followed a
the inhibition constants for channels with one and two mutatedsingle exponential time course corresponding to the bimolecular
subunits could be made.reaction scheme:
Modification by MTSET and MTSEA
unblocked channel
a[tx]→←
b
blocked channel, Samples of MTSET and MTSEA were a generous gift from Dr. A.
Karlin (Stauffer and Karlin, 1994). Both chemicals were later pur-
chased (Toronto Research Chemicals, Downsview, Ontario, Can-
where a is the second order association rate constant, b the first ada). From a fresh 100 mM stock solution in water, 5 ml of MTSET
order dissociation rate constant, and [tx] the AgTx2 concentration. or MTSEA was added to an Eppendorf tube containing an oocyte
The time constant for approach to equilibrium blockade is given by in 100 ml of recording solution with or without 1 mM AgTx2 (AgTx1
for M448C/K427E and V438C). After 10 s, 1 ml of recording solution
was quickly added, and the oocyte was removed and rinsed. Finally,ton 5
1
a[tx] 1 b
(1)
the oocyte was placed into the recording chamber, rinsed under
continuous perfusion, and placed under voltage-clamp control.
and that for recovery is given by
Preparation of Recombinant AgTx Isoforms
AgTx1 andAgTx2 wereprepared as cleavable fusionproteins follow-
toff 5
1
b
(2)
ing the protocol designed for charybdotoxin (Park et al., 1991).
Neuron
406
AgTx1 is AgTx2-S7K/I15L/M29I/R31G (Garcia et al., 1994). A DNA Kamb, A., Tseng-Crank, J., and Tanouye, M.A. (1988). Multiple prod-
ucts of the Drosophila Shaker gene may contribute to potassiumfragment encoding a factor Xa cleavage sequence followed by an
AgTx gene was generated by PCR, inserted into the pCSP105 vector channel diversity. Neuron 1, 421±430.
(Park et al., 1991) between SalI and HindIII, and confirmed by di- KuÈ rz, L.L, ZuÈ hlke, R.D., Zhang, H.-J., and Joho, R.H. (1995). Side-
deoxy sequencing. E. coli (BL21) were transformed, cultured, and chain accessibilities in the pore of a K1 channel probed by sulfhy-
induced with isopropyl-b-D-thio-galactopyranoside (Aldrich, Mil- dryl-specific reagents after cysteine-scanning mutagenesis. Bio-
waukee, WI). The fusion protein was partially purified by ammonium phys. J. 68, 900±905.
sulfate precipitation, followed by anion-exchange chromatography LuÈ , Q., and Miller, C. (1995). Silver as a probe of pore-forming resi-
(DE52, Whatman, Hillsboro, OR). The basic inhibitor was cleaved dues in a potassium channel. Science 268, 304±307.
from the acidic fusion protein using trypsin (5 mg/mg fusion protein;
Lu, Z., and MacKinnon, R. (1994). A conductance maximum ob-Worthington, Freehold, NJ), purified by cation-exchange chroma-
served in an inward-rectifier potassium channel. J. Gen. Physiol.tography (SP-Sephadex C25, Pharmacia, Piscataway, NJ), and con-
104, 477±485.centrated by reverse-phase high pressure liquid chromatography
MacKinnon, R., and Miller, C. (1988). Mechanism of charybdotoxin(C8, Beckman, San Ramon, CA). Extinction coefficients used to
block of Ca21-activated K1 channels. J. Gen. Physiol. 91, 335±349.calculate the final concentration were 6.75 and 7.48 mM21cm21 at
235 nm for AgTx1 and AgTx2, respectively (Garcia et al., 1994). MacKinnon, R., and Miller, C. (1989a). Functional modification of a
Ca21-activated K1 channel by trimethyloxonium. Biochemistry 28,
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